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Abstract-The scalar mixing field of a turbulent rectangular jet issuing from a sharp-edged orifice with an 
aspect ratio of IO into a cross stream flow in a square duct is investigated using marker nephelometry. Jet- 
to-cross stream velocity ratios of 2.0 and 3.4 are examined in this work. Results include contour plots and 
transverse profiles of the mean and concentration fluctuation intensity and jet trajectory paths and half 

concentration lengths expressed as a function of downstream position along the jet trajectory. 

BACKGROUND 

THE MIXING field arising between a jet and a transverse 

cross flow has received considerable attention in the 
engineering literature. This research arises from a wide 
interest in this flow geometry for applications includ- 

ing turbine heat transfer, VTOL applications, pol- 
lutant dispersion and chemical mixing problems. Of 
particular interest in this regard is the case of a round 
jet with an average exit velocity U, mixing with a cross 
stream of uniform velocity UO. The resulting flow 
patterns including descriptions of the jet trajectory 
and complex three-dimensional vortex structure have 
been investigated for the single jet [l-19] and multiple 
jets [20-271 in cross flows. The scalar mixing field 
arising from the round jet in a cross flow also has 
been examined, [3, 5, IO, 28-301. Mathematical mod- 
elling of this complex Row system has been based on 
integral methods [31-331 and numerical methods [34 

381. 
In the present work, interest was focused on the 

scalar mixing field of a rectangular jet in a transverse 
flow for applications in secondary and tertiary ducts 
in industrial boiler/furnace systems. The jet trajectory, 
Fig. 1, can be described in terms of Cartesian coor- 
dinates (X, Y, Z) or an orthogonal system (5, q, [) 
with the l-axis located on the jet trajectory. In the 
industrial applications of interest, air is induced into 
a furnace chamber under negative pressure (on the 
order of 0.25 kPa) resulting in velocity ratios typically 
in the range of 2 < C/,/U,, < 4. The jet nozzle was a 
sharp edged rectangular orifice with an aspect ratio 
of lo-this geometry was chosen for its ease of con- 
struction and for comparison with some properties 
already published for the free jet behaviour of this jet 
geometry [3941]. 

The flow field arising from a sharp-edged rec- 
tangular jet has been extensively studied and much of 
the literature in this field has been described in refs 
[41,42]. The essential features of this flow include : (i) 
a saddle-back profile of the mean velocity and nozzle 

scalar fluid in the plane or major axis of the rec- 

tangular jet; (ii) transverse jet scales (as measured by 
the half velocity or concentration points on the major 
and minor axes) that are initially smaller along the 
minor axis but tend to a similar magnitude farther 

downstream ; and (iii) high entrainment rates as indi- 
cated by the centreline mean concentration decay. 

The scalar mixing field of a round jet injected into 
cross flow streams has been examined using gaseous 
tracer species 13, lo] ; a weak temperature field intro- 

duced by the jet flow [5, 28, 301; and an oil smoke 
tracer [29]. These studies have served to identify suit- 
able empirical expressions based on dimensional 

reasoning for the jet trajectory in terms of the velocity 
ratio, U,/CJO, and downstream position from the 
nozzle source, X (Rathgeber and Becker [29] also 
examined the effect of jet/pipe dimensions for a jet 
injected in a pipe flow). The jet penetration based on 
the scalar concentration field has also been found to 
be less than the trajectory found from velocity data 

[5]. Previous work on the scalar field has also indicated 
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FIG. 1. Schematic diagram of the rectangular jet in a cross 
flow stream. 
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NOMENCLATURE 

h transverse concentration half width, point V b orthogonal coordinate transverse to 
where f = l/2 i=,,Slx t-plane 

n, jet dimension on the minor jet axis 9 orthogonal coordinate transverse to 
D, equivalent diameter of a round jet with the t-plane 

same cross sectional area - i orthogonal coordinate along jet trajectory 
,f’,, ,fi function of, in equations (1) and (2) PI density of jet fluid 

L, jet dimension on the major axis p,, density of cross stream fluid. 
R velocity ratio. I’,,!l’,, 

C’, jel velocity 

L:fl cross stream velocity 
Subscripts 

.Y 
X Cartesian coordinate along the jet axis 

property in X-direction 

Y Cartesian coordinate transverse to X-plane 
? property in Y-direction 

Z Cartesian coordinate transverse to 
I /2 reference to a half concentration point - - 

X-plane. 
defined by r/l-,,,, = 0.5 contours. 

Greek symbols Superscripts 

1’ concentration fluctuation, f-r time average value 

r total concentration r.m.s. value. 

that at velocity ratios, I/,/U,, greater than 4, a 
maximum in the concentration field occurs off the jet 
trajectory in the counter rotating vortex [5. 291. Most 
of this work has involved a jet originating from a 

boundary wall (either a wind tunnel, duct or pipe) 
and it is possible that such a boundary alters the 

evolution of the entrainment and mixing process: 
photographic evidence of this phenomenon was 

reported for example by Keffer and Baines [I]. 
Weston and Thames [43] have studied some fea- 

tures of the flow arising from a rectangular jet with 

an aspect ratio of 4 injected into a cross flow. Both 
orientations of the jet relative to the free stream vel- 
ocity (major axis either normal or parallel to the flow) 
were investigated in this work. Krothapalli et al. [44] 
have recently examined the separated flow region 

upstream of rectangular jets in a cross flow. They 
found that the normalized separation distance 
reached a maximum near L’ )I U ,, z 5 and subsequently 

decreased in a linear man& at larger velocity ratios. 

The dimensionless parameters relevant for the jet 
in a cross flow have been described in previous work 

[I. 2.291. The most important factor is the momentum 

ratio of the jet fluid to the cross stream flow. In the 

present work a rectangular jet in a cross flow was 
examined in a wind tunnel working section. Jet dimen- 
sions and velocity ratios were chosen to minimize 
the effect of the jet-to-duct dimension [this ratio was 
0.027, close to the minimum value of this parameter 
examined by Rathgeber and Becker [29]). Hence. the 
parameters describing the jet trajectory can be ex- 
pressed in the form described by Pratte and Baines 

PI, 

X/RD, =./‘,(Z/RD,) or XIRD, = /,(</RD,). (1) 

The rectangular jet diameter can also be expressed in 

terms of the diameter of round jet with the same cross 
sectional area (D, = 21.2 mm = 3.34 D, in this cast) 
however, the correlations presented in this work are 

not sensitive to this refinement. The majority of the 

results presented in this work are for the near field 
region where the narrow jet dimension is deemed to 

be the most relevant scaling parameter. It can also 
be noted that the dependent variables could also be 
expressed in the form of X/R’D, as suggested by Keffet 
and Baines [I] but the forms of equation (I) are 
adopted in this work for later comparison with 

measurements of Pratte and Baines [2] and Rathgeber 
and Becker [29]. 

The purpose of this paper is to present results of 

the scalar concentration field of a sharp-edged rec- 
tangular jet injected into a cross stream flow in a 
square duct. The mean and concentration fluctuation 
field were measured by marker nephelometry [45]. 
The bulk of the results are presented in the form of 
contour maps and transverse profiles of the mean and 
fluctuation fields at various downstream locations as 

well as results of the jet spreading rate. 

EXPERIMENTAL 

A schematic diagram of the flow system used in this 
work is shown in Fig. 2. The transverse duct flow 
originated from a wind tunnel that had a 0.836 rn’ 
(square) cross-section. At the exit of the wind tunnel 
the cross section was reduced to a square working 
section, 228.6 mm, on each side with Plexiglas walls. 
This area reduction provided a contraction ratio of 
16 : I with a turbulence intensity of less than 0.1% in 
the cross stream flow. The wind tunnel working sec- 
tion had a 1.37 m length with the rectangular jet 
located 203 mm from the entrance to the working 
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FIG. 2. Schematic diagram of wind tunnel flow system for the cross flow stream (top) and the wind tunnel 
working section with the cross flow jet (bottom)Aimensions in mm. 

section as shown in Fig. 2. The jet was aligned with 

the jet deflection occurring parallel to the major jet 
axis-a Cartesian coordinate system is used in con- 
junction with an orthogonal coordinate axis as shown 
in Fig. 1. The exit from the test section was connected 
to an exhaust system for the wind tunnel flow/oil 
condensation smoke to avoid disturbances in the 
upstream duct flow near the data acquisition region. 

The jet employed in the present work was a sharp- 
edged orifice cut from thin aluminum plate and 
mounted in the wall of the Plexiglas test section ; care 
was taken to ensure a flush fit between the plate and 

the inside wall of the wind tunnel. The cross section 
of the jet nozzle is shown in Fig. 3. The orifice was 
sharp-edged with rounded corners, its length, 
Lj = 63.5 mm and width, D, = 6.35 mm with the jet 

mounted in the vertical position (the long dimension 
of the jet) relative to the jet flow. Pollard and Iwaniw 
[46] have shown that the rectangular jet with square 
and rounded corners has similar characteristics 
including the presence of a saddle-back behaviour 
as noted above. The air supply for the jet flow was 
provided by a compressed air supply used in con- 
junction with the smoke generator system. The 
upstream cross section of the jet nozzle was tapered 
from a 12.7 mm air supply to a 63.5 x 94.9 mm rec- 
tangular section at the nozzle exit. Steel wool was used 
as an upstream flow distributor to produce a uniform 
exit velocity profile. A Pitot probe traverse at the jet 
exit confirmed the presence of a saddle-back behaviour 
similar to that observed by Quinn et al. [39, 401 and 

Pollard and Iwaniw [46]. Details of the marker nephel- 

ometry method are discussed in previous work [41, 
45,471 and the application of it to the present problem 

is described by Humber [48]. 
The experimental flow conditions employed in the 

present work were : 

(i) R = 2.0; U, = 8.4 m s- ’ and U, = 4.1 m s- ’ 

(ii) R = 3.4; Uj = 8.4 m s- ’ and U, = 2.5 m s- ‘. 
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FIG. 3. The rectangular jet nozzle facedimensions in mm. 
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The jet velocity corresponds to a Reynolds number of 
34000 based on the long dimension of the nozzle, 
3400 based on the narrow dimension and I i 400 based 
on the hydraulic diameter of a round jet with the same 

arca. The Reynolds numbers for the cross stream flow 
based on the dimension of the duct working section 

were 59 700 for R = 2.0 and 36 400 for R = 3.4. 
The primary measurements of interest in this work 

wcrc the mean and fluctuation signals for the con- 
centration held. Six locations downstream of the jet 

orifice were used as primary measurement points with 

cross stream measurements taken at approximately 
200~300 points in the plant transverse to the jet axis 
to provide a grid of data points from which contour 
plots could be generated. Thejet trajectory was chosen 

to correspond with the maximum concentration, I,,,;,,. 
along the X-axis, the plane of bilateral symmetry and 
half concentration points wcrc obtained from the 
mean concentration data in the transvcrsc planes. 

RESULTS 

Contour plots of the mean and fluctuation con- 
centration field for R = 2.0 and 3.4 are shown in Figs. 

4 and 5, respectively. for three downstream locations 
for each velocity ratio. These results are intended to 
show the concentration and fluctuation field (i) in the 

near field, (ii) in an intermediate region where thcrc 
is deformation of the mean concentration contour 
field into a kidney shape and (iii) in a region farther 
downstream where the concentration contours have 

evolved to a more circular shape. After exiting the 
nozzle, the jet source fluid concentration field exhibits 
a horseshoe or kidney shape similar to, but not as 

extreme as, that noted by Rathgeber and Becker [29]. 
In particular. a distinct bifurcation of the jet flow is 
not indicated for the present flow system (as observed 

with R > 4 for round jets in a cross flow [S. 2YJ). It 
can also be noted that this kidney shape occurs at 
lower values of %;D, for the higher velocity ratio. 
R = 3.4. as shown in Fig. 5. Farther downstream. 

near Z/D, = 20, the contours become symmetrical in 
both cross stream axes. In general. the concentration 

fluctuation intensity in the core region of the jet was 
small and this is probably attributable to a lower rate 
of cntrainmcnt for this type of Bow. It should bc 

noted that the present work did not extend beyond 
Z: D, = 20. corresponding to a region of 6D,. 

From the mean concentration contours. plots of 

the trajectory of the maximum concentration in the 
plane of bilateral symmetry were obtained. The tra- 

jcctory of points estimated in the X-Z plant. Fig. 6, 
can bc described by a power law of the form 

XRD, = I .‘)I (Z! RD,)” ‘-I’, (7) 

This correlation agrees reasonably well with the cor- 
relation of Prattc and Baines [2] for a round jet in a 

cross flow but with less deflection near the nozzle and 
more deflection farther downstream. Thcsc data also 
show less deflection than the rectangular jet with 
aspect ratio of 4 and R = 4 reported by Weston and 

Thamcs [43] (for velocity field data-the data shown 
by the open squares in Fig. 6 are described by a power 
law of the form : 

X,RD, = l.l9(%:‘RD,)“?““. (3) 

The mean concentration trdjcctory data of Rathgeber 
and Becker [29] at small values of jet to pipe diameter 
were described by the relation, X/RD, = 

I .93(Z/RD,)” I”, showing close agreement with the 
present results near Z,‘RD, z I but less jet penetration 

farther downstream. Close examination of Fig. 6 
reveals that the power-law fit to the data is marginal. 
especially for I < Z/RD, < IO. It is also apparent 
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FIG. 4. Contour plots ofthe mean and concentration fluctuation intensity field for R = 2: Z/D, = 2 (Icft). 
Z/D, = 12 (middle) and Z/D, = 20 (right). 
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FIG. 5. Contour plots of the mean and concentration fluctuation intensity 
(left), Z/D, = 6 (middle) and Z/D, = 12 (right). 

from the general flow structure depicted in Figs. 4 and 
5 that the mean concentration contours evolve to a 

circular cross section sooner for the case with 
R = 3.6this change occurred beyond Z/D, = 12 for 
R = 2 and Z/D, = 6 for R = 3.4. This also cor- 

responds to points in Fig. 6 where, for 
I < Z/RD, < 20; X/RD, remains about constant for 
each velocity ratio. However, if the jet penetration is 

expressed in terms of the jet trajectory, 5, as shown in 
Fig. 7 (similar in form to that used by Pratte and 

Baines [2]), these two regions are more apparent. In 
this graph, the jet penetration follows a single relation 
for the initial region for each velocity ratio where 

XIRD, cc </RD,; however, as each jet approaches a 
circular cross section the tendency at each R is to 
follow a power law relation, where X/RD, z constant 
as (/RD, increases. These data are described by the 
relations : 

</RD, < 3.3 : XIRD, = (~/RD,)“.“” (4) 

R = 2,5/RD, > 3.3: X/RD, = 2.21(</RD,)“,‘67 (5) 

10 
Z/RDi 

FIG. 6. Jet trajectory expressed in terms of Cartesian coor- 
dinates. 

I , 1 
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X/D, 

field for R = 3.4: Z/D, = 2 

R = 3.4, t/RD, 2 5: X/RD, = 2.90(t/RDJ0,“‘. 

(6) 

Keffer and Baines [l] and Pratte and Baines [2] 

observed that X/RD, E {/RD, for low values of < over 
a wide range of jet penetration values, 0.1 6 

0 I I I 1 

0 5 10 15 20 25 
Z/RDi 

FIG. 7. Jet penetration as a funcGon of trajectory path 
(top graph) and jet trajectory as a function of Cartesian 
coordinate position in the downstream direction (bottom 

graph). 
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(/RD, d I. Following this initial high penetration rate 
Pratte and Baines observed a gradual transition 
(1 < i;/RD, < 3) to a lower penetration rate described 
by a l/3 power law for c/RD, > 3. In the present work, 
accurate estimates of the jet trajectory could not bc 
made below </RD, = 1.5, but the present results, 

equation (4), do not differ significantly from these 
observations and it is interesting to note that the 
power law exponents in equations (5) and (6) are 

nearly equal for each velocity ratio. The data of Wes- 
ton and Thames [43] shown in the top graph of Fig. 
7 are limited to the region t/RD, < 4 but their results 

do appear to tend to be of the form of equation 
(4) for t/RD, < 1.0 and a power law form similar to 

equations (5) and (6) farther downstream. 
The jet trajectory can also be described by the 

relation, Fig. 7 (bottom graph). 

</RD, = l.32+ l.O3ZiRD, (7) 

in close agreement with the result of Rathgeber and 

Becker [29]. c/RD, = I +Z/RD,, for the trajectory of 
a round jet into a pipe flow. 

The concentration half width, defined as that point 

in the Y- or X-plane whcrc r/r,:,, = 0.5. provides a 
measure of the spreading rate of the jet as it proceeds 
downstream. These results, Fig. 8, exhibit good sym- 
metry in the Y-plane (plane of bilateral symmetry): 

however, results for the X-plane differ on each side of 

the jet trajectory and these values arc denoted by +h, 
and -h, for the upstream and downstream sides of 
the jet respectively. Those data for the Y-direction are 

“0 

5 I/RDi lo 
15 

FE. 8. Jet halfconcentration lengths as a function ofdistance 
along the jet trajectory ; from top to bottom, graphs display 
h,, -h,. fh, and h, ?: R = 2.0 (circles) and R = 3.4 (tri- 

angles). 

shown in the top graph of Fig. 8 and arc described by 
linear relations. 

R = 2: h,/RD, = 2.28+0.109<,‘RD, (8) 

R = 3.4: h,!RD, = 1.34+O.l59~/RD,. (9) 

The data in the X-direction are shown in the two 
middle graphs of Fig. 8 and are described by power 
law relations, 

1 
-h,iRD, = 0,87l([/RD,)““- ( 10) 

+b,/RD, = 0.925(</RD,)“4’K. (11) 

Rathgeber and Becker [29] also observed a power law 
behaviour and a similar degree of scatter for the half 
concentration width in the plane of bilateral symmetry 

for the round jet in a cross flow (they did not report 

measurements comparable to the b, data noted 
above). The present results for R = 2 indicate that the 

half concentration width is comparable in both plants 
while the results for R = 3.4 indicate a higher spread- 

ing rate on the leading edge of the jet than on the 
trailing edge in the plane of bilateral symmetry. Farther 
downstream, the half concentration widths for flow 
conditions appear to tend to similar values in both 

planes. Data from the contour plots can also be used 
to estimate an equivalent half concentration radius of 
the form. 

h, 2 = (A,,zl’n)’ 1 (12) 

where A,,, is the area described by the contour 

r/r,nC,, = 0.5 (this length scale was first proposed by 
Kamotani and Greber [5] for analysis ofjets in a cross 

flow). The data for this half concentration radius are 
described by a linear relation. Fig. 8 (bottom graph), 

h, ?;‘RD, = I.41 +O.l62&RD,. (13) 

The transverse profiles of the mean concentration 

are shown in Fig. 9 where the transverse position 
is normalized with respect to the appropriate hall 
concentration width. These results exhibit good sym- 
metry within the experimental error expected for these 
measurements and the data arc presented with the 
data ‘folded over’ along the jet trajectory. The G~LIS- 
sian type distribution observed in free jets (e.g. Beckct 
ct ~1. [49]) is also shown in thcsc graphs. 

Transverse profiles of the concentration fluctuation 

intensity arc shown in Fig. IO for both transverse 

planes and velocity ratios. Data for the plane of bi- 
lateral symmetry are depicted with an ‘open’ and ‘closed’ 
symbol for results on opposite sides of the jet trajec- 
tory. Within the experimental error expected for thcsc 
measurements, the results for the Y-plane exhibit 
good symmetry and a steep gradient in the fluctuation 
intensity for Y/h, > I The results for the X-plant arc 
not necessarily symmetrical and these data arc shown 
with an ‘open’ symbol to denote the upstream side ol 
the jet and a ‘closed’ symbol to denote results for the 
leeward side of the jet, The greatest difference in thcsc 
results occurred for R = 2 in the near field, typically 
ZiRD, = I and 2, where the results for the upstream 
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FIG. 9. Transverse profiles of the mean concentration from the maximum value (r,,,) along the 
jet trajectory. Dashed line represents a Gaussian type distribution, exp {-0.693(X/b,)‘} or 

exp { -0.693(Y/b,)‘}. 

side of the jet were higher. These results in Fig. IO 

generally exhibit the expected behaviour with low 
values of y’/f in the core region rising to higher values 

near the edge of the jet in both planes. Higher fluc- 
tuation intensities were observed in the Y-plane for 
each flow condition and these data also exhibited a 
higher gradient in the cross stream values of r’/r than 

the X-plane or those of a round jet [49]. The action 
of the cross stream fluid thus causes a rapid mixing 
towards the edge of the jet in the plane of bilateral 

symmetry. However in the core of the jet there is less 
mixing as indicated by the lower fluctuation intensities 
for the X-plane and for Y/b,. < 1 in the Y-plane. 

DISCUSSION OF RESULTS 

The contours of the mean and fluctuation con- 

centration fields, Figs. 4 and 5, provide a clear picture 
of the development of this type of flow system. At 
Z/D, = 2.0, a kidney shaped profile is clearly evident 
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FIG. 10. Transverse profiles of the concentration fluctuation intensity. ‘Open’ and ‘closed’ symbols represent 
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for the X-plane. Dashed line represents the free turbulent jet in quiescent surroundings [49]. 



for R = 3.4 and to a lesser extent for R = 2.0. The law forms where </RD, cc (X/RD,)” with n = 0.17 for 
grcatcr penetration of the jet for R = 3.4 is also evi- each flow rate. The start of this region occurs at 
dent at this downstream location. At the next down- ;/ RD, z 5 for R = 2 and $/RD, z 3 for R = 3.4 and 
stream location shown in Figs. 4 and 5 (Z/D, = I2 for corresponds to the point where there is a large dis- 
R = 2.0 and Z/D, = 6.0 for R = 3.4). both jets have tortion in the jets, leading to a more circular cross 
dcvclopcd into a kidney shaped contour (typically section farther downstream. The displacement of 
the maximum jet deformation observed for each flow these power law regions for each jet velocity cor- 
condition). At this point. the mean concentration responds to a different cfl’ectivc source for the new 
mappings are quite similar indicating that the jet jet shape as the flow progresses in the downstream 
deformation occurs faster for R = 3.4. Thcsc mean direction. 
concentration contours are also similar to the cross The low fluctuation intensity values observed in the 
sectional shape observed by Rathgeber and Becker core region for the rectangular cross flow jet, Figs. 4 
[29] and Pollard [50]. At the last downstream contour and 5. is significantly different from the round jet case 
profile for cacti flow condition, the jet cross section whcrc the bifurcated flow leads to very high lluc- 
approaches a circular form where the width of the jet tuation intensities. typically ;l’/i= 2 0.4, along the jet 
in the I’- and Z-planes are almost equal in magnitude. trajectory [29]. The cross flow fluid does not produce 
In this region. the rectangular cross flow jet differs this high level of fluctuation intensity in a rectangular 
from the round jet which forms and maintains a dis- jet with an aspect ratio of IO for R < 3.4. 
tinct bifurcated structure [29]. It is also apparent that The concentration half width provides a good pa- 
the cross flow has a significant effect on this flow rameter with which to measure the spreading rate 
dcvclopment as the jet with R = 3.4 (greater pene- of jets. In the Y-plane. the concentration half width 
tration into the cross flow) tended to a circular cross should be equal on both sides of the jet since this plant 
section faster than the jet with R = 2.0. It is also likely defines the plant of bilateral symmetry. In the X- 
that the development of the jet with R = 2 is affected plane, the concentration half width for a round jet in 
by the closer proximity of the wall boundary_Keffer a cross flow is typically shorter during early stages of 
and Baines [I] first noted a wall hindrance effect on the flow development on the leading edge than on the 
jet entrainment for R = 2 in a round jet in a cross trailing or downstream edge [29]. While this be- 

flow. haviour is suggested by the correlations presented in 
It should be noted that the jet trajectory data equations (IO) and (I I) and the results shown in Fig. 

described by equation (2). Fig. 6. exhibit scatter simi- 8 (two centre graphs), the elfect is not large and within 
lar to previous measurements of this parameter for the scatter of the present data, the half concentration 
round jets in a cross flow. However, there is also a width in both planes appears to be nearly equal farther 
trend in the residuals for each flow condition, with downstream. near ZiRD, =,lO. The half con- 
lower trajectory values predicted at intermediate centration width expressed in terms of the effective 
values of %/RD,. It is interesting to note that this radius of the 50% mean concentration contour, h, Lr 
region also corresponds to the point where the exhibit a good linear relation for both flow conditions. 

maximum jet deformation takes place (Z/D, = I2 for The jet spreading rate, h, ? z 0.162 <. given by cqua- 

R = 2 and Z/D, z 6 for R = 3.4) suggesting that a tion (I 3) is comparable to the spreading rate in the 

change in trajectory path occurs as the jet changes free rectangular jet with the same aspect ratio. whcrc 

from an initial rectangular shape to the circular cross h, 2 0. I30 i and h, = 0. I52 < [4l], and significantly 

section observed farther downstream. This effect is greater than a free round jet where h, z z 0. I06 < [49]. 
confirmed by the correlation shown in Fig. 7 with the The transverse profiles of the mean concentration. 

jet trajectory expressed in X-,F coordinates. In the Pig. 9, indicate a certain amount of scatter in these 

initial region, tiRD, ,< 3. both jets appear to follow a data but no distinctive pattern is obvious except that 

similar path corresponding to the zone of maximum the X-plane data appear to approach a Gaussian type 

jet deflection noted by Keffer and Baines [I] and distribution faster than the Y-plane data for both flow 

Pratte and Baines [2]. In these previous studies a conditions. Kamotani and Grcber [5] and Rathgebcr 

linear relation, XjRD, 5 l:‘RD,. was observed for and Becker [29] also observed a Gaussian type behaviour 

<jRD, < I .5 followed by a transition region to a power for the plane of bilateral symmetry for a round jet in 

law region (the vortex zone noted by Pratte and Baines a cross flow, particularly for I < i=ir,,,,(, < 0.5. It is 

[2]). XI’RD, ‘%z (c’/RD,)’ ‘. farther downstream. also worth noting that, within the accuracy of the 

<:RD, 2 3. The present data for <iRD, < 3 appear to mean concentration measurcmcnts. there is no evi- 

follow a transition bchaviour similar to that observed dence of the saddle-back behaviour observed in the 

by Prattc and Baines [2] but mom data would be free rectangular jet emanating from a sharp edged 

required at lower values of 5 to confirm the linear nozzle [4 I]. 
form noted above. It can be also noted that the shape Transverse profiles of the concentration fluctuation 
of the rectangular jet in the cross flow undergoes some intensity in the present work show good symmetry for 
changes in the nozzle region (the case for R = 3.4, the Y-plane while the data for the Z-plane exhibit 

Fig. 5. best demonstrates this behaviour). Farther some asymmetry in the near field for the case of R = 
downstream the present results also tend to power 2.0 whcrc there appears to bc higher values on the 
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leading edge of the jet. Rathgeber and Becker [29] also 
observed higher values of the fluctuation intensity on 
the upstream side of a round jet in a cross flow. The 
low values of r’/f’ in the core region of the jet indicate 
a lower level of mixing than is encountered for a round 
jet in a cross flow. This is consistent with the general 
shape of the concentration contour diagrams that do 
not indicate a bifurcated flow pattern; however. there 
does appear to be intense mixing on the outer edge of 
the jet, Y > h,. in the Y-plane. In this region, there is 
a sharp increase in the fluctuation intensity due to the 
jnteraction with the cross stream flow. The transverse 
gradient in the r’/i’ profiles in the Y-plane for 
Y/h, > 1.0 appear to be higher than those of a free 
round jet in quiescent surroundings [49]. This rapid 
mixing and the distortion of the jet in the Y-plane due 
to the cross flow stream also appears to counter the 
persistence of the saddle-back behaviour of the mean 
concentration profiles at a much earlier stage than 
observed in the free rectangular jet. This saddle-back 
phenomena has been observed in the near field region 
(X/D, < 10) ofjets issuing from a sharp-edged orifice 
near Y/h,. % 0.6-0.8 [3941] and a wall jet flow issuing 
from a sharp edged rectangular orifice f42]. The near 
field contour plots shown in Figs. 4 and 5 do not 
indicate such behaviour for the rectangular jet in a 
cross how near Z/D, = 2. The transverse mean con- 
centration data, Fig. 9, exhibit a mean concentration 
decay, fir,,,,, x 0.8-0.85, in the near field near 
Y/b,, = 0.6608. 

The data presented in this paper represents an inter- 
mediate range of the velocity ratio, R. Krothapahi et 
uf. 1441 found that the normalized upstream sep- 
aration distance increased in the range R < 5 and 
decreased for higher velocity ratios. They attributed 
the increase at lower R values to a weaker entrainment 
on the leeward side of the jet and the present results 
appear to confirm this hypothesis. The mean and fluc- 
tuation field contour diagrams, Figs. 4 and 5, show 
that the leeward side of the nozzle fluid field extends 
to the wall region (X = 0) and that there is a lower 
level of mixing in the core region of the jet compared 
to the more intense mixing observed in the round jet 
in a cross flow stream at larger values of R. Kamotani 
and Greber [S] have noted that the scalar field exhi- 
bited a peak mean value off the plane of bilateral 
symmetry for R a 8, but the peak value remained on 
the bilateral symmetry plane for R < 4 in the round 
jet cross flow system. This phenonlenon was attri- 
buted to more rapid mixing as the jet is able to more 
readily entrain cross stream fluid with less wall bound- 
ary interference at larger velocity ratios. It thus 
appears that such a phenomenon may indeed occur 
with rectangular jets but with a slightly higher critical 
velocity ratio, R a 5. 

cross stream flow has been examined using marker 
nephelometry. Measurements include the fields of 
the mean and fluctuation concentration fields for 
@RDj ,< 6 for R = 3.4 and </RD, < 20 for R = 2.0. 

The principal findings of this work are : 

(1) The jet trajectory follows an initial high pen- 
etration region similar to that of a round jet followed 
by a region further downstream where the jet path is 
proportional to (</ RD,) ‘. ’ ‘. 

(2) The half concentration length in the Y- and X- 
planes follow linear and power law forms respectively 
as a function of the distance along the jet trajectory. 
The half concentration length based on the effective 
radius of the P/f,,,,, = 0.5 contour follows a linear 
relation with a spreading rate that is slightly larger 
than the free rectangular jet. 

(3) Transverse profiles of the mean concentration 
field in the plane of bilateral symmetry were closer to 
a Gaussian type behaviour than those data in the. Y- 
plane. The fluctuation intensity data were significantly 
lower in the plane of bilateral symmetry than in the 
Y-plane. 

(4) The jets exhibited a kidney shape similar to a 
round jet in a cross flow but the rectangular jet did 
not exhibit a bifurcated structure for R = 2.0 and 3.4. 
In the core region of the jets there was a relatively 
low fluctuation intensity indicating a lower mixing 
intensity than round jets in a cross flow at larger values 
of the velocity ratio. 

(5) The sharp-edged rectangular jet in a cross flow 
did not exhibit a saddle-back behaviour in the mean 
concentration field in the near field region (Z/D, = 2). 
The action of the cross flow stream thus appears to 
counter the mechanism for the persistence of this 
phenomena more quickly than the free rectangular 
jet. 
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